OCaml Z=272Y

January 10-11, 2019 @Tezos Blockchain Camp



A7)

> dG: Z22Y 0|, AZEQ 0] ZA], ATEQ0| EoF

I|0|X|: http://prl.korea.ac.kr

o
- %


http://prl.korea.ac.kr

Zo| Lhg

210
OCaml T272Q

» Part 1: 7|2 OCaml =22 (5A|7H)
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Why OCaml?
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JavaScript  69.8%
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CSS  65.1%

SQL  57.0%

Java  45.3%
Bash/Shell  39.8%

Python  38.8%

C#  34.4%
PHP  30.7%
C++  254%

C  23.0%

TypeScript  17.4%
Ruby  10.1%
Swift  8.1%
Assembly  7.4%
Go 7.1%
Objective-C  7.0%

VB.NET  6.7%
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OCamlQ| 2 EZ

» S, AN, St-3A T2 2% (Functional
programming)

» HA EtQ A|AE (Static type system)

» Z}S EFQ &2 (Automatic type inference)

» Cf|O|&{ E}Q, THE] Ol (Datatypes and pattern matching)

» CtAH4Y (Polymorphism)

» 2= (Modules)

of|22| AH=E (Garbage Collection)

v



> Z2IUS TAE & B9

» HHZF (statement): 7|H HEIE HE
x=x+1

» Al (expression): AfEf 1A Q10| 2t AH|AH
(x +y) %2

» Z272HY AN E FESh= SR 7|F:
- WYL ZHo2 T2 IAUS Ay
» C, C++, Java, Python, JavaScript, etc
> often called “imperative languages”
- A2 EMoR mRIUS XY
» ML, Haskell, Scala, Lisp, etc
> often called “functional languages”



OCaml T272H0| 7|2 LZ
@ golse Ue:
let X1 = €
let X2 = &

let x5, = ep



Of| A

» Hello World:

let hello = "Hello"

let world = "World"

let helloworld = hello = " " 7 world
let _ = print_endline helloworld

QIE{Z2|E|S 0|8¢ 42!

$ ocaml helloworld.ml
Hello World

REPLE 0|25 AlsH:
$ ocaml
0Caml version 4.04.0

# let hello = "Hello";;

val hello : string = "Hello"

# let world = "World";;

val world : string = "World"

# let helloworld = hello = " " ~ world;;



A=Al (Arithmetic Expressions)

# 1+ 2 % 3;;

int = 7
# 1.1 +. 2.2 %,

3.3;;

= 8.36

: float

Z03030
K ENHD

a+b

a/b

a-b
ax*xbhb

amod b L

It

# 3+ 2.0;;
Error:

This expression has type float but an expression

was expected of type int

)

# 3 + int_of_float 2.0;;
=5

int



[== )
# true;;
- : bool = true
# false;;
- : bool = false

HIR QIAR} (MEASREE =2(42 T4):

#1=2;;
- : bool = false
#1<>2;;
- : bool = true
# 2 <= 2;;

- : bool = true
2] AR} (=Rl A SR RE MEL =242 7).

# true && (false || not false);;
- : bool = true

#(2>1) & (3> 2);;

- : bool = true



7|22k (Primitive Values)

» Z27020Y AHOOM 7| 2H2 = H|ZSH= 4t

» OCaml2 H4(integer), A4 (float), =2|(boolean), ZAt
(character), @At (string), X (unit)gf= A=
#7c’5;
- : char = ’¢’
# "Objective " ~ "Caml";;
- : string = "Objective Caml"
# O35

- : unit = O



AA EIY A|AHE! (Static Type System)

> Bt 2F7F As T2 FJoHEe
# 1 + true;;
Error: This expression has type bool but an
expression was expected of type int

> S IS RE EIY RRE 40| HopY
» OCaml2 2HE T220| Q1Y XM0| &2 0|F

b

i

SR 2

ol



ox
N
~
o
A
m

o
z
2

m
Y o

ox >

v
Of
VVVJ_)IJ_VVVJ
m
18]
o
2

HE 7222 ot e Ao A&
o (Statically typed languages)
B AZS Ao AZHo]|
Y @FE T2 MM HE
C, C++, Java, ML, Scala, etc
(Dynamically typed languages):
el H2e Ao 4
EIY 2FE EEJ%‘? *'%"' of &4
Python, JavaScript, Ruby, Lisp, etc
OS2 CHA| 7R 2 L&
4 8H(Type-safe) AHOf:
EIY M2 S St Z2 M2 HUS0|| EIY 2F 7t ¢
D= EY F0F AP0 HEE.
T2 ]2H0| ASHZ0| H|HAHOZ 2257 ¢S
ML, Haskell, Scala
» QLHSIR| @42 (Unsafe) HO:
» EIY A2 S Stcl= H;S0 0{™s| EtY LI 2 Its
» C, C++
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ZHA] (Conditional Expression)

if e; then e else e3

b

> o2 BEAl =S| 40|00} . = &2 %k
# if 1 then 2 else 3;;
Error: This expression has type int but an expression
was expected of type bool

> 2UA9| 22 9 2O Tt BY

o
o

2!

rir

# if 2 > 1 then 0 else 1;;
- :int =0
# if 2 < 1 then 0 else 1;;
- :int =1
> &2} e3= EfYO[ ZO[OF &
# if true then 1 else true;;
Error: This expression has type bool but an expression
was expected of type int



ek~Al (Function Expression)

fun x -> e

» Al QIZ} (formal parameter)7} xO|11 S (body)O| QI
k=2 (function value)2 4474
> g0l Of:
» fun x > x + 1
» funy >y *xy
» fun x -> if x > 0 then x + 1 else x * x
» fun x > fun y > x + y
» fun x -> fun y -> fun z > x +y + z
» AEF JLR (syntactic sugar):

fun x3 - Xx, > e

» fun x y > x +y
» fun xyz ->x +y + z



ek4~Al (Function Expression)

# fun x -> x + 1;;

- : int -> int = <fun>
# funy >y *y;;
- : int -> int <fun>

# fun x -> if x > 0 then x + 1 else x * Xx;;
- : int -> int = <fun>

# fun x > funy > x + y;;

- : int -> int -> int = <fun>

# fun x -> fun y > fun z -> x + y + z;;

- : int -> int -> int -> int = <fun>
#funxyz->x+y+ z;;
- : int -> int -> int -> int = <fun>



ek @ = A (Function Call)

e €
> e AegfS BHSO{UE= 40|00k &
> e et Y QIZ} (actual parameter)
# (fun x -> x * x) 3;;
- : int =9
# (fun x -> if x > 0 then x + 1 else x * x) 1;;
- : int = 2
# (fun x -> if x > 0 then x + 1 else x * x) (-2);;
- : int = 4
# (fun x > fun y > x +y) 1 2;;
- : int = 3
# (fun x > fun y -> fun z -> x +y + z) 1 2 3;;
- : int = 6

> e Y2l 40| Vts
# (fun £ > £ 1) (fun x > x * X);;
- : int =1
# (fun x > x * x) ((fun x -> if x > 0 then 1 else 2) 3);;
- : int =1



Let Expression
o0l O|& E0/7:

» 2] ZE x2t1 St1 e F At
S (H=)

» e: 494! (binding expression)

» & S=4 (body expression)

> x9| FEHL|(scope)= e

# let x = 1 in x + x3;;
- : int = 2
# let x =1 in x + 1;;
- : int = 2

# (let x =1 in x) + x;;

Error: Unbound value x

# (let x =1 in x) + (let x = 2 in x);;
- : int = 3



Let Expression

# let x = (let y =
- int = 3
# let x = 1 in
let y = 2 in
X+ y5;
- int = 3

SEA :
» o Fol:

# let square = fun x -> x * x in square 2;;
- : int = 4
# let add x y = x + y in add 1 2;;
- : int = 3
> 247 B4 O
# let rec fact a = if a = 1 then 1 else a * fact (a - 1);;
val fact : int -> int = <fun>

# fact 5;;
- : int = 120



1 in
a + a in
b+ b in

1 in ((let x

2) + x)



o o
JMOM S Z|THo| AAREE 7+ (First-class values):
845 A|Yste 0128 VS 4 U
# let square = fun x -> x * x;;
# square 2;;
- int = 4
S8 CHE gl Q12 ME Vts:

# let sum_if_true test first second =
(if test first then first else 0)
+ (if test second then second else 0);;
val sum_if_true : (int -> bool) -> int -> int -> int = <fund>

# let even x = x mod 2 = 0;;
val even : int -> bool = <fun>
# sum_if_true even 3 4;;

- : int = 4

# sum_if_true even 2 4;;

- : int = 6



> B5 CI2 Bi40| BHEH Zlo2 MY Jls
# let plus_a a = fun b -> a + b;;

val plus_a : int -> int -> int = <fun>

# let £ = plus_a 3;;
val £ : int -> int = <fun>

# f 1;;
- : int = 4
# f 2;;
- int = 5
> _ﬂi}%E,F—/F(ngher—order function): C}E &4F QIR
Uhetsh= ot 10{e] BiHE =0l & E4.



IHEd O] (Pattern Matching

v

I{Ed D22 O] 8¢St 2te +

» THEZ|H Of|A:

let rec factorial a =
if a = 1 then 1 else a * factorial (a - 1)

N

HT

M
a3

let factorial a =
match a with
1 ->1
|_ -> a * factorial (a - 1)



IHEd O] (Pattern Matching)

The nested if-then-else expression

let isabc ¢ = if ¢ = ’a’ then true
else if ¢ = ’b’ then true
else if ¢ = ’c’ then true
else false

can be written using pattern matching:

let isabc ¢ =
match ¢ with
’a’ -> true
[’b? -> true
[’¢c? => true
| _ -> false

or simply,

let isabc ¢ =

match ¢ with

’a’ | ’b’ | ¢’ -> true
| _ -> false



Al Bt 22 (Automatic Type Inference)

> CLE Java OIAT EFIS M23 4 i
public static int f(int n)
{
int a = 2;
return a * n;

}

» OCaml O|M= EIUZ ek Vs, AoV} Ats

# let £ n =
let a = 2 in
a * n;;
val £ : int -> int = <fun>



el 92 2D2E

# let sum_if_true test first second =
(if test first then first else 0)
+ (if test second then second else 0);;
val sum_if_true : (int -> bool) -> int -> int -> int = <fw

OCaml ZIA27t EtY S FFot= 2H:

1. The types of first and second must be int, because both
branches of a conditional expression must have the same type.

2. The type of test is a function type o — 3, because test is
used as a function.

3. « must be of int, because test is applied to first, a value
of int.

4. 3 must be of bool, because conditions must be boolean
expressions.

5. The return value of the function has type int, because the
two conditional expressions are of int and their addition gives
int.
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48 BAlote A= 7ts

# let sum_if_true (test : int -> bool) (x : int) (y : int) : int
(if test x then x else 0) + (if test y then y else 0);;
val sum_if_true : (int -> bool) -> int -> int -> int = <fun>

o7t FAIS EtY0l SHIEA| 2522 HS:

# let sum_if_true (test : int -> int) (x : int) (y : int) : int

(if test x then x else 0) + (if test y then y else 0);;
Error: The expression (test x) has type int but an expression
was expected of type bool



Ctad EFRQ (Polymorphic Types)

» Of2 Z27240| EfQIS?
let id x = x

OCaml Bt 22 Z1}:
# let id x = x;;

val id : ’a -> ’a = <fun>

Yolo| 2fofl tial 2tsst= Chd EFY 4
# id 1;;

- :int =1

# id "abc";;

- : string = "abc"

# id true;;

- : bool = true
» Of2 T=12Ho| EfQle?
let first_if_true test x y =
if test x then x else y



of|l2] =2

> An exception means a run-time error: e.g.,

# let div a b =a / b;;
val div : int -> int -> int = <fun>
# div 10 5;;
- :int = 2
# div 10 0;;
Exception: Division_by_zero.
» The exception can be handled with try ... with constructs.

# let div a b =

try

a/b

with Division_by_zero -> 0;;
val div : int -> int -> int = <fun>
# div 10 5;;
- : int = 2
# div 10 0;;
- : int =0



of|l2] =2

> User-defined exceptions: e.g.,

# exception Problem;;

exception Problem

# let div a b =
if b = 0 then raise Problem
else a / b;;

val div : int -> int -> int = <fun>

# div 10 5;;

- : int = 2

# div 10 0;;

Exception: Problem.

# try
div 10 0O

with Problem -> 0;;
- :int =0



2| AEQL A7



# let x = (1, "one");;
val x : int * string = (1, "one")

# let y = (2, "two", true);;

val y : int * string * bool = (2, "two", true)
& 0f22 0|85t0] 2t +d 248 2& 7t

# let fst p = match p with (x,_) -> x;;

val fst : ’a *x ’b -> ’a = <fun>
# let snd p = match p with (_,x) -> x;;
val snd : ’a * ’b -> ’b = <fun>

or equivalently,
# let fst (x,_) = x;;

val fst : ’a *x ’b -> ’a = <fun>
# let snd (_,x) = x;;
val snd : ’a *x ’b -> ’b = <fun>



£ = (Tuples)

> letO| M THE AL Jts:
# let p = (1, true);;
val p : int * bool = (1, true)
# let (x,y) = p;;
val x : int 1
val y : bool = true



- : int list = [1; 2; 3]
» &Mt S8 eg., [3;4], [4;3], [3;4;3], [3;3;4]
» D= AATF 22 EFRQI0|0{OF &
» [(1, "one"); (2, "two")] : (int * string) list
» [[; [11; [1;2]; [1;2;3]]1 : (int 1list) list

» Z|AEQ| YAE HAO| B7Hs (immutable)
» 2|AEQ A AAZ head, LIHZA|Z tail0|2} D BE
# List.hd [5];;
- : int = 5
# List.tl [5];;
- : int list = []



2| AE Of|A|

> # [1;2;3;4;5];;
- : int list = [1; 2; 3; 4; 5]
» # ["OCaml"; llJavall; llc"] ; ;
- : string list = ["0OCaml"; "Java"; "C"]
> # [(1,"one"); (2,"two"); (3,"three")];;
- : (int * string) list = [(1, "one"); (2, "two"); (3, "thre
> # [[1;2;3];02;3;4];[4;5;611;;
- : int list list = [[1; 2; 3]; [2; 3; 41; [4; 5; 6]]

> # [1;"0Caml";3] ;;
Error: This expression has type string but an expression was
expected of type int



2| AEE Ot

U

HieH
o d

rr

» [1: 8l 2[AE(nil)
» :: (cons): 2|AEQ| QH0j| StLIQ| HAE ZTt:
1::02;3]5;

- : int list = [1; 2; 3]

#1::2::3::[1;;

- : int list = [1; 2; 3]

([1; 2; 3] is a shorthand for 1::2::3::[])
» @ (append): & 2|AEE O|0{&0]7|:

# [1; 2] @ [3; 4; 5];;

- : int list = [1; 2; 3; 4; 5]

+H+



2| AE THEH
e|AEZ CHE [f I{E 0j20| O FESHH| AL
» Ex1) Bl 2|AEQIZ| HAlst= g4
# let isnil 1 =
match 1 with
[1 -> true
|_ -> false;;
val isnil : ’a list -> bool = <fun>
# isnil [1];;
- : bool = false
# isnil [1;;
- : bool = true



2| AE THE

g

» Ex2) 2|AEQ| ZO|E Flot= &
# let rec length 1 =
match 1 with

(1 >0

lh::t -> 1 + length t;;
val length : ’a list -> int = <fun>
# length [1;2;3];;
- : int =3

MO1Z| S FELLE - 2 A Its:
let rec length 1 =
match 1 with
>0
[_::t -> 1 + length t;;
> 2AES CIRE B4E 22 AR HO



A ALno| 2h2is

Ex) Of2f £&S O2|= m2724?



A= 24 =7

012 24|12l 2717t S=3] 2CE 2
> EAI7F SE39] A4 0”1}
| BHE SYE PEE JIE 2
> %743 SHSE A HOR BT
3. ZNE BAAM Y2 Ao g2 2



2| AE 20| £6}7| (list length)

H*

length [J;;

- :int =0
length [1;2;3];;
- : int = 3

+H+

let rec length 1 =
match 1 with
I [ >0
| hd::t1l -> 1 + length tl



Of|A| 1: 2|AE O|0{&0]|7| (append)

append [1; 2; 3] [4; 5; 6; 71;;

: int list = [1; 2; 3; 4; 5; 6; 7]
append [2; 4; 6] [8; 10];;

: int list = [2; 4; 6; 8; 10]

I ® 1 #H

let rec append 11 12 =



Ol Al 2: 2|AE F&7] (reverse)

val reverse : ’a list -> ’a list = <fun>
# reverse [1; 2; 3];;

- : int list = [3; 2; 1]

# reverse ["C"; "Java"; "OCaml"];;

- : string list = ["0Caml"; "Java"; "C"]

let rec reverse 1 =



Of| A 3: ntHRY & A 27| (nth-element)

# nth [1;2;3] 0;;

- :int =1

# nth [1;2;3] 1;;

- : int = 2

# nth [1;2;3] 2;;

- : int = 3

# nth [1;2;3] 3;;

Exception: Failure "list is too short".

let rec nth 1 n =
match 1 with
| [J -> raise (Failure "list is too short")
| hd::t1 -> (x ... %)



Of| A 4: 2dRHAR HA 27| (remove-first)

# remove_first 2 [1; 2; 3];;

- : int list = [1; 3]

# remove_first 2 [1; 2; 3; 2];;

- : int list = [1; 3; 2]

# remove_first 4 [1;2;3];;

- : int 1list = [1; 2; 3]

# remove_first [1; 2] [[1; 2; 31; [1; 21; [2; 31]1;;
- : int list list = [[1; 2; 3]; [2; 3]]

let rec remove_first a 1l =



Of| 4| 5: = 2|AE0| A MY (insert)

# insert 2 [1;3];;

- : int 1list = [1; 2; 3]
# insert 1 [2;3];;

- : int 1list = [1; 2; 3]
# insert 3 [1;2];;

- : int list = [1; 2; 3]
# insert 4 [];;

- : int list = [4]

let rec insert a 1 =



Of| A 6: &) EE (insertion sort)

let rec sort 1 =



Of| A 6: &) EE (insertion sort)

let rec sort 1 =

cf) Compare with “C-style” non-recursive version:

for (c =1 ; c<=n-1; c++) {

d = c;
while ( d > 0 && arrayl[d] < arrayl[d-1]) {
t = array[d];
array [d] = array[d-1];
array[d-1] = t;
d--;
}



cf) &

24
o

ogh

vs. B4 T2 2l

» Imperative programming focuses on describing how to

accomplish the given task:

int factorial (int n) {
int i; int r = 1;
for (i = 0; i < n; i++)
r =1 % i;
return r;

}
Imperative languages encourage to use statements and loops.

Functional programming focuses on describing what the
program must accomplish:
let rec factorial n =

if n = 0 then 1 else n * factorial (n-1)

Functional languages encourage to use expressions and
recursion.
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of) Qall: A B HIKCH

» In C and Java, we are encouraged to avoid recursion because
function calls consume additional memory.
void £() { £O; } /* stack overflow */

» This is not true in functional languages. The same program in
ML iterates forever:
let rec £ O =£f (O

» Ched| et MAHALZ Yol AT AL O] B4 20
otdl.



Tail-Recursive Functions

More precisely, tail-recursive functions are not expensive in ML. A
recursive call is a tail call if there is nothing to do after the
function returns.

> let rec last 1 =
match 1 with
| [a] -> a
| _::tl -> last tl
» let rec factorial a =
if a = 1 then 1
else a * factorial (a - 1)

Languages like ML, Scheme, Scala, and Haskell do tail-call
optimization, so that tail-recursive calls do not consume additional
amount of memory.



cf) Transforming to Tail-Recursive Functions
Non-tail-recursive factorial:

let rec factorial a =
if a =1 then 1
else a * factorial (a - 1)

Tail-recursive version:

let rec fact product counter maxcounter =
if counter > maxcounter then product
else fact (product * counter) (counter + 1) maxcounter

let factorial n = fact 1 1 n



AS 24| 1: range
A
T

n.m (n < m)yS YOP nOl4 mo|5te| 42 PAE
2|AEE HHBISHE 314 rangeS ZHAJSHAIL:
range : int -> int -> int list
o

=0{, range 3 7 &=

[3;4;5;6;7]1S AlAFSHC}



AL 24| 2: concat

2|AEQ| 2|AEE BIOIA 2= YA E ESlste= oL 2|AEE
HHEtSt= 8f4- concatE 2MISHAIR
concat: ’a list list -> ’a list
oE =9,

concat [[1;2];[3;4;5]] = [1;2;3;4;5]



ALS EA| 3: zipper

T 2|AE a2t bE &2 22 FYots Y4 zippers
2ot 2:

zipper: int list -> int list -> int list
21401 ZB0|2 2| AE 29| jHRY KAATL 2|AE pO| [HAY A
0| 2= A= 2I0|ECt. 0| H2| b= LS 2 ol =AU
=2l

# zipper [1;3;5] [2;4;6];;
- : int list = [1; 2; 3; 4; 5; 6]
zipper [1;3] [2;4;6;8];;
- : int list = [1; 2; 3; 4; 6; 8]
# zipper [1;3;5;7] [2;4];;
- : int list = [1; 2; 3; 4; 5; 7]

+*



p
T ALEZ IR £BO| DAES £ 2AER HHEHE B4

unzip: (’a * ’b) list -> ’a list * ’b list

HNE =

unzip [(1,"one");(2,"two");(3,"three")]

2 ([1;2;3],["one";"two"; "three"]) S AlAHGHCE.



2| AE 11} P4 ns E A
2|AEE 5= BH4 dropS AHSHA|L:

drop ’a list -> int -> ’a list
oE =0,

drop [1;2;3;4;5] 2 = [3; 4; 5]

drop [1;2] 3 = []
drop ["C"; "Java"; "OCaml"] 2 = ["0OCaml"]






(Higher-Order Functions)

St=
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| (Abstraction)

=4t 7HE0 0|82 20M SUES LEH AIEE &
UEE Sh= H3

Zo 1o

S - —

» let cube n =n *n *n
in cube 2 + cube 3 + cube 4
QE D224y A0l A8 ERE HAe B4 AT
» B BEEH O 2 ARESH= 2440 292 0|8

> (ERh)ee: BrEH 22 Agste Ao €2 01
(©)

n2p b BhRElE 22 RO €¢I O|F

—



List.map

Three similar functions:

let rec inc_all 1 =
match 1 with
I 00 ->1
| hd::t1l -> (hd+1)::(inc_all tl)

let rec square_all 1 =
match 1 with
I 00 > [
| hd::tl -> (hd*hd)::(square_all tl1)

let rec cube_all 1 =
match 1 with
[ 0 -> 10
| hd::tl -> (hd*hd*hd)::(cube_all tl1)



List.map

The code pattern can be captured by the higher-order function map:

let recmap £ 1 =
match 1 with
| 1 > [
| hd::t1l -> (f hd)::(map f t1)

With map, the functions can be defined as follows:

let inc x = x + 1
let inc_all 1 = map inc 1

let square x = X * X
let square_all 1 = map square 1

let cube x = x * X * X
let cube_all 1 = map cube 1

Or, using nameless functions:

let inc_all 1 = map (fun x -> x + 1) 1
let square_all 1 = map (fun x -> x * x) 1
let cub_all 1 = map (fun x > x * x * x) 1
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1. map@| EtE?

2. map (fun x mod 2 = 1) [1;2;3;4] Q| /27



List.filter

let rec even 1 =
match 1 with
I 00 ->1
| hd::tl ->
if hd mod 2 = 0 then hd::(even tl)
else even tl

let rec greater_than_five 1 =
match 1 with
I 001 > [
| hd::tl ->
if hd > 5 then hd::(greater_than_five tl)
else greater_than_five tl



List.filter

filter : (’a -> bool) -> ’a list -> ’a list

» even = filter (fun x -> x mod 2 = 0)

» greater_than five = filter (fun x -> x > b)



List.fold _right

Two similar functions:

let rec sum 1 =
match 1 with
| 1 ->0
| hd::t1l -> hd + (sum tl)

let rec prod 1 =
match 1 with
00 ->1
| hd::tl -> hd * (prod tl)

# sum [1; 2; 3; 4];;
- : int = 10

# prod [1; 2; 3; 4];;
- : int = 24



List.fold _right

The code pattern can be captured by the higher-oder function
fold:

let rec fold_right £ 1 a =
match 1 with
I [ > a
| hd::tl -> f hd (fold_right f tl a)

let sum 1st
let prod 1lst

fold_right (fun x y -> x + y) 1lst O
fold_right (fun x y => x * y) 1lst 1



fold_right vs. fold_left

let rec fold_ right £ 1 a =
match 1 with
I 1 —>a
| hd::t1 -> £ hd (fold_right f tl a)

let rec fold_left f a 1 =
match 1 with
I 1 ->a
| hd::tl -> fold_left f (f a hd) tl



» fold right2 2|AEE QEZM &ECZ:

foldright f [x;y;z] init=1f x (f y (£ z init))

» fold lefte Z|AEE QAE AN QLEZEOZ:

fold-left f init [x;y;z] =f (f (f init x) y) z

o 20| HE SR b= £0l| CishA 227t CHE &+~ US

» EIQ
fold_right : (’a -> ’b -> ’b) -> ’a list -> ’b —> ’b
fold_left (’a => b -> ’a) -> ’a -> ’b list -> ’a

» fold left= A7 =S (tail-recursion)



Of| A

> let rec length 1 =

match 1 with

I 1 ->0

| hd::tl -> 1 + length tl
» let rec reverse 1 =

match 1 with

I 0 ->1

| hd::tl -> (reverse tl) @ [hd]
» let rec is_all_pos 1 =

match 1 with

| [1 -> true
| hd::t1l -> (hd > 0) && (is_all_pos tl)
»map f 1 =

v

filter £ 1 =
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sigma : (int -> int) -> int -> int -> int

sigma f a b= CHSE AlLHeiCt

b
> f(i).

i=a

oE =0,
sigma (fun x -> x) 1 10

sigma (fun x -> x*x) 1 7
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I:l L
Sk 2112 2AHSHA|IL:

fold right= O|&35t0] 1%t & 2l

all : (’a -> bool) -> ’a list -> bool
1pl2gAE 19 B AAS0| gt p2| ¢
E=4] 62 Z LIEHL} o2 &

all (fun x -> x > 5) [7;8;9]
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1st2int : int list -> int

£ £0{, 1st2int [1;2;3]& 1238 A LSICH 2[AEQ)
A5 00|14 90[5t9| 2til 7Hy ettt



A2 UrEIsts 840 of

» ot BHY (composition): Let f and g be two one-argument
functions. The composition of f after g is defined to be the
function x — f(g(x)).

» In OCaml:
let compose f g = fun x -> f(g(x))
What is the value of the expression?

((compose square inc) 6)



double: (’a -> ’a) -> ’a -> ’a
oz =
=2 = ]

# let inc x = x + 1;;

val inc : int -> int = <fun>
# let mul x = x * 2;;

val mul : int -> int = <fun>
# (double inc) 1;;

- : int = 3
# (double mul) 1;;
- : int = 4

ofel Alo| Zte?
» ((double double) inc) O
> (double double) mul 2
» ((double (double double)) inc) 5



iter(n,f) =fo---of.
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n

n=00|®, iter(n,f) 2 &5& 4 (identify function)22
ZO|SICt n > 00|H, iter(n, ) fE nH HIE HE3I=
gt=0ICt o|E =

iter(n, fun x -> 2+x) 0






0[0] U= Et0| M==2 0|F €0]7

type var = string
type vector = float list
type matrix = float list list

let rec transpose : matrix -> matrix
=fun m ->



MZF EtQ BH=7| (Variants)
If data elements are finite, just enumerate them, e.g., “days”:

# type days = Mon | Tue | Wed | Thu | Fri | Sat | Sun;;
type days = Mon | Tue | Wed | Thu | Fri | Sat | Sun

Construct values of the type:

# Mon;;
- : days = Mon
# Tue;;
- : days = Tue

A function that manipulates the defined data:

# let nextday d =
match d with
| Mon -> Tue | Tue -> Wed | Wed -> Thu | Thu -> Fri
| Fri -> Sa | Sat -> Sun | Sun -> Mon ;;

val nextday : days -> days = <fun>

# nextday Mon; ;

- : days = Tue



MZF EtQ BH=7| (Variants)
Constructors can be associated with values, e.g.,

# type shape = Rect of int * int | Circle of int;;
type shape = Rect of int * int | Circle of int

Construct values of the type:

# Rect (2,3);;

- : shape = Rect (2, 3)
# Circle 5;;

- : shape = Circle 5

A function that manipulates the data:

# let area s =

match s with

Rect (w,h) -> w * h

| Circle r -=> r *x r *
val area : shape —-> int
# area (Rect (2,3));;
- : int = 6
# area (Circle 5);;
- : int = 75

355
<fun>



M=Z2 EIY BHS7] (Variants)
Inductive data types, e.g.,

# type mylist = Nil | List of int * mylist;;
type mylist = Nil | List of int * mylist
Construct values of the type:

# Nil;;

- : mylist = Nil

# List (1, Nil);;

- : mylist = List (1, Nil)

# List (1, List (2, Nil));;

- : mylist = List (1, List (2, Nil))

A function that manipulates the data:

# let rec mylength 1 =
match 1 with
Nil -> 0
[List (_,1’) -> 1 + mylength 1°;;
val mylength : mylist -> int = <fun>
# mylength (List (1, List (2, Nil)));;
- :int = 2



M=Z2 EIQ BF=7| (Parameterized Variants)

YoIo| EtYS BHE & Us 2|2ES UEHT?
> e.g., lists of ints, lists of strings, lists of lists of ints, etc
CHE EIRIS A2 7HA= EtYS E9l 7ts:
# type ’a mylist = Nil | Cons of ’a * ’a mylist;;
type ’a mylist = Nil | Cons of ’a * ’a mylist
# let 11 = Cons (3, Nil) ;;
val 11 : int mylist = Coms (3, Nil)
# let 12 = Cons ("three", Nil);;
val 12 : string mylist = Cons ("three", Nil)
# let rec length 1 = match 1 with
| Nil -> 0
| Cons (_,t) -> 1 + length t;;
val length : ’a mylist -> int = <fun>
> mylist: C2 EFUS Q122 WO CI2 EFYS BHSOjUE
EtQ MMA} (type constructor)
» int mylist, float mylist, (int * float) mylist,
etc



LIS (ver. 1)
2 LH2 (binary tree)E =L &
type btree =

Empty
|[Node of int * btree * btree

Ol S0,

let t1 = Node (1, Empty, Empty)

let t2 = Node (1, Node (2, Empty, Empty), Node (3, Empty,Empty))

Ol LIRO|M 02 [ATt ZAft=A| {EZ2 BHetsh= &4 nenS
ZEMEIA| Q-
mem: int -> btree -> bool
mem 1 ti1

= true O|11
mem 4 t2

= falseO|C}.



Leaf of int
Left of btree
Right of btree

type btree =
|
I
I
| LeftRight of btree * btree

Left (LeftRight (Leaf 1, Leaf 2))

™
-
0
(o]
+o
ru
i
Pl
Z
njo
>
-
E
|0
y
fo
4n
EJ
rloh
Q'E
uﬂ'
5

mirror : btree —-> btree

oE =9,

mirror (Left (LeftRight (Leaf 1, Leaf 2)))

O

= Right (LeftRight (Leaf 2, Leaf 1))& Z|4AFSICH



AGS A 3: AL (ver. 1)

type exp =
Const of int
Minus of exp
|[Plus of exp * exp
[Mult of exp * exp

Attst= &
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d0

calc: exp -> int
S A9t o E &

calc (Plus (Const 1, Const 2))



AS A 4. ALEZ| (ver. 2)

type exp = X
| INT of int
| ADD of exp * exp
| SUB of exp * exp
| MUL of exp * exp
| DIV of exp * exp
|

SIGMA of exp * exp * exp
2 Ao Bigt AT A gstAlL:

calculator : exp -> int

10

j{:(Xﬂ<x——1)

x=1

= CH32t 20| BE(Y
SIGMA(INT 1, INT 10, SUB(MUL(X, X), INT 1))
21 Al4F Eote 3750]Ct
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